Pyrolysis-gas-liquid chromatography was used to differentiate selected species of Enterobacteriaceae. Individual cultures of Salmonella typhi, Hafnia alvei, and Proteus vulgaris, and 12 strains of Yersinia enterocolitica were grown in nutrient broth. After harvest and lyophilization, the bacterial samples were pyrolyzed at 900°C, and their volatile fractions were separated on a 50-m capillary column coated with Carbowax 20M. The resulting pyrolysis elution patterns (pyrograms) of the four species were monitored on an integrating console, which was coupled with the chromatographic detector. The pyrograms were divided into 312 30-s time interval areas, and each interval area was normalized in relation to the area of the entire curve. The normalized areas were evaluated by stepwise linear discriminant analysis, and the discriminating component coordinates were used to generate a plot of the canonical variables. Distinct clustering patterns allowed discrimination among the four genera of Enterobacteriaceae studied. The tight clustering of the 12 Y. enterocolitica strains suggests the advantage of pyrolysis-gas-liquid chromatography over traditional approaches for species identification.
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Bacterial identification and classification are usually based on staining reactions, cellular morphology, fermentation patterns, and production of enzymes or other organic compounds (3) . The degree to which classification of a species is accurate depends on the consistency of the laboratory personnel in preparing media and interpreting tests. Large blocks of laboratory time are used for media preparation and for the test processes.
Species classification may depend on subjective categorization; hence, microorganisms may be inaccurately classified. The decision to interpret an orange medium as either red or yellow or an arbitrary decision regarding gas evolution may lead to mistaken identification of a micro- (PGLC) of microorganisms has been increasingly used to differentiate among species (4, 5, (10) (11) (12) . By this technique, complex organic samples are rapidly pyrolyzed in an inert atmosphere. The samples degrade to a characteristic combination of volatile compounds, which are then transported directly onto a chromatographic column. The column separates the compounds according to their relative retention times (7) . As the compounds are eluted from the column, a characteristic "fingerprint" of the organism may be monitored by a detector-recorder. Quinn (9) reported that about 200 peaks were resolved for whole bacterial cells with the use of a capillary chromatographic column.
Emswiler and Kotula (4) increased the capability of this objective method for identifying microorganisms by coupling it with stepwise linear discriminant analysis to differentiate serotypes of Salmonella. Another method of statistical objectivity was gained by Macfie et al. (6) , who distinguished among spoilage microorganisms through the use of PGLC and canonical variate analysis. The purpose of our work was to develop an objective and reproducible PGLCstatistical analysis capable of differentiating selected Enterobacteriaceae.
MATERIALS AND METHODS Strains. Bacterial strains and sources are shown in Table 1 . Characteristic biochemical patterns as described by Edwards and Ewing (3) were observed for strains of Salmonella typhi, Proteus vulgaris, and Hafnia alvei. The Yersinia enterocolitica strains also demonstrated characteristic biochemical test patterns as described by Nilehn (8) . Stock cultures were maintained on nutrient agar (Difco) slants. These were transferred monthly, incubated for 18 h at 23°C, and held at 3°C until use. Intermittent microscopical examination of Gram stain preparations helped monitor for contamination.
Preparation of PGLC samples. Loopfuls of stock cultures were transferred and incubated at 23°C for 15 h in 5 ml of nutrient broth (Difco). A 1-ml amount of this broth culture was added to 1-liter flasks containing 500 ml of nutrient broth, and the flasks were incubated for 48 h at 230C under stationary conditions. The 48-h cultures were harvested after centrifugation at 10,000 x g for 10 min in a Sorvall Superspeed RC-5B centrifuge at 100C. Harvested cells were washed three times in 100 ml of 0.5% formaldehyde and then resuspended in 3 ml of the same diluent. The suspension was shell frozen in a Dry Ice-acetone bath and lyophilized in a Virtis freeze-drier in culture tubes (20 by 125 mm). Tubes of the lyophilized samples were wrapped in aluminum foil and stored in a desiccator until analyzed. The entire procedure was repeated for each strain to be analyzed by PGLC to ensure reproducibility of results.
PGLC analysis. The pyrolysis unit consisted of a Chemical Data Systems model 100 Pyroprobe (Oxford, Pa.) and a Perkin-Elmer coil probe (Norwalk, Conn.). Each freeze-dried sample was packed into a quartz tube and was inserted into the coil probe with clean forceps. The coil probe interfaced with the pyrolysis unit was fitted directly to the injection port of a Perkin-Elmer Sigma 3 gas-liquid chromatograph (Norwalk, Conn.). Pyrolysis was carried out at 900 ± 100C
for 20 s in a continuous stream of helium carrier gas. The injector temperature was set at 250°C to allow the volatile compounds to reach the column.
The chromatographic column used for analysis was a 50-m, support-coated open-tubular glass column with a 0.01-inch (ca. 0.025-cm) inside diameter and 0.03-inch (ca. 0.076-cm) outside diameter. The liquid phase coating the column was Carbowax 20M. The gas pressure settings were as follows: air, 210-kPa gauge; hydrogen, 105-kPa gauge; and the helium carrier gas, 210-kPa gauge, which corresponded to a through-the-column flow rate of 2 cm3/min. The minimum detectability of the flame ionization, detector was specified as 5 RESULTS AND DISCUSSION Pyrograms illustrated in Fig. 1 have vertical marks at the base of the pyrograms indicating the time slices which distinguished Y. enterocolitica, P. vulgaris, H. alvei, and S. typhi. The discriminating slices chosen were T48, T52, T56, T138, 142, T143, and T152, where Ti represents the area in the ith 30-s time interval. These variables comprise a description of each species in sevendimensional space, for which each time slice represents one dimension of the multidimensional space (6) . Figure 2 shows differentiation among the species on the basis of the two dimensions which maximize the ratio of "betweento within-group" variability. These two dimensions are the first two canonical variables.
Stepwise linear discriminant analysis is a statistical method previously used by Emswiler and Kotula (4) . The stepwise procedure clearly distinguished among 10 Salmonella serotypes. Our analysis was performed to distinguish among the selected Enterobacteriaceae. Plots of the canonical variables as x and y axes presented the VOL. 38, 1979 on August 14, 2017 by guest http://aem.asm.org/ sample clusterings within each species analyzed. Confidence intervals were not determined because of the limited number of observations on the selected organisms. Visual inspection of Fig.  2 allows discrimination between the species analyzed. The comparatively large distance between the samples of H. alvei may be due to experimental variance, although these samples clustered more closely to one another than to the other species analyzed.
During the development of PGLC, reproducibly introducing an exact amount of sample into the pyrolysis unit was considered crucial. If different quantities of a sample were pyrolyzed in replicate analyses, the areas under corresponding distinguishing peaks in the pyrograms would differ, and analytical precision would be lowered.
Difficulties in measuring microgram amounts of sample accurately were not easily resolved. Even if the experimenter was capable of making such a measurement, the back pressure of the carrier gas tended to blow a portion of the sample off the coil probe while it was being inserted into the injector port. Normalization ofthe slice areas in relation to the total pyrogram area precludes the above-mentioned difficulties, as demonstrated in our study.
Previous studies suggesting the discriminating capabilities of PGLC were based on only a limited number of strains, serotypes, or biotypes of bacterial species. Often, replicate PGLC analyses were made on samples prepared from a single culture grown only once. We used 12 
